ABSTRACT Green communications have been widely studied in the researches of cognitive radio networks (CRNs), which involve low power consumption, new and renewable energy, and some energy-saving technologies. In addition, the spectrum sensing uncertainties are inevitable errors from realistic factors, such as wireless channel fading, channel estimation, and signal measurement. In this paper, to maximize total capacity of secondary user (SU), we propose a power allocation (PA) strategy in a cognitive decode-andforward (DF) relay network with the spectrum sensing uncertainties, in which the relay is powered by an energy harvesting (EH) device with a capacity-limited battery. While formulating the optimization problem, we consider the total capacity expressions of SU and the interference models in both the perfect and the imperfect sensing cases which affect actual PA of SU and the relay. Then, we transform this traditional multi-variable optimization with the imperfect spectrum sensing into single variable optimization according to the capacity maximization criteria under the DF protocol. Thereafter, we solve the optimization problem by the Lagrange dual decomposition method. The simulations in both single time slot and multiple time slots are given to verify that our proposed algorithm can efficiently improve the capacity performance of SU while protecting the communications of the primary user (PU).
As an necessary technique designed to evaluate the effectiveness of CR in improving spectral efficiency and a theoretical basis, PA algorithm based on the IT constraint plays an important role in the development of CRNs [6] , [7] . In [6] , under the spectral efficiency and interference constraints, the authors propose an energy efficient transmit antenna selection and a PA algorithm in the CR multiple input multiple output (MIMO) networks. A PA algorithm for underlay CRNs is proposed in [7] where the channel state information (CSI) of the link between a SU transmitter and a PU receiver is uncertain. In order to process the uncertainty, differential norm (D-norm) and a chance constrained approach are applied to maximize the throughput of SU for keeping the interference below the IT threshold. Li et al. [8] jointly optimize a relay selection and a PA strategy to maxFurthermore, there are many inevitable errors associated with the spectrum sensing for CRNs caused by sensing technologies and precision of hardware [17] . Therefore, it is of practical significance to consider these errors, namely the spectrum sensing uncertainties, in the study of resource allocation problem in CRNs.
An energy efficiency and average throughput maximization for CRNs is studied in [18] , which also analyzes the tradeoff between energy efficiency and average throughput under the imperfect sensing decisions and different PU traffics. Chu and Zepernick [19] propose two optimal PA strategies for the hybrid interweave-underlay cognitive cooperative radio networks with the imperfect spectrum sensing to maximize channel capacity and minimize outage probability. In [20] , under the spectrum sensing uncertainties, an interference-limited resource allocation algorithm including subcarrier allocation and PA in cognitive heterogeneous networks is investigated to reduce the interference to macrocell users and satisfy the requirement of femtocell users. A new objective function of spectrum utilization is formulated in [21] , where a joint optimization of sensing threshold and sensing duration is realized for better spectrum utilization. As mentioned above, PA in CRNs with the imperfect sensing has been a interesting and challenging research topic in wireless communications. In consideration of both EH and the imperfect spectrum sensing, it is meaningful to take EH and the spectrum sensing uncertainties into the PA problem in cognitive relay networks for their real application.
In this work, we consider a PA problem in practical cognitive relay networks with EH under the sensing-based spectrum sharing scheme, where the relay is powered by an EH device with a capacity-limited battery and the perfect CSI can be obtained. Note that the optimization problems with the total capacity of SU over multiple time slots as the target under both the perfect and the imperfect sensing cases are solved by the Lagrange dual decomposition method [22] . Then, a closed-form expression of an optimal PA for this sensing-based cognitive relay network with EH is derived. Furthermore, extensive simulation results are provided to verify the effectiveness and reliability of the proposed algorithm through the capacity performance comparison of SU with EH under the perfect and the imperfect spectrum sensing.
The remainder of this paper is outlined as follows. Section II presents the system model, and problem formulation is given in Section III. In Section IV, we transform the optimization problem under the imperfect spectrum sensing into an equivalent one to derive our closed-form expression of the optimal PA. Simulation results and analysis are provided in Section V, and followed by the conclusion in Section VI.
II. SYSTEM MODEL
A sensing-based cognitive relay network with EH as shown in Fig. 1 . There are one pair PU and one pair SU working in the multi-carrier environment, where PT (ST) and PR (SR) denote PU (SU) transmitter and receiver, respectively. The total bandwidth is divided into N subcarriers denoted by VOLUME 6, 2018 FIGURE 1. Sensing-based cognitive relay networks with energy harvesting.
FIGURE 2. Data transmission diagram.
the set N= {1, 2, · · · , n, · · · , N }. We define the set N V to denote all idle licensed subcarriers treated as the accessible spectrum by the secondary network, ∀m, q ∈ N V . We define the set N O to represent the remaining licensed subcarriers occupied by the PU network, ∀l ∈ N O , N V + N O = N. Taking a DF relay node (R) with an EH device into consideration, we define ST communicating with SR over time slots by the set K = {1, 2, · · · , k, · · · K }, ∀k ∈ K. The direct link between ST and SR does not exist. The specific periodic division diagram is shown in Fig. 2 , where T denotes the period of each time slot, τ is the sensing time, and (T − τ ) presents the data transmission time. In an effort to simplify the communication scenario, we assume that the relay can harvest energy from surroundings (e.g., solar, wind and so on) by an offline scheme under deterministic setting, in which the collected energy and the static CSI are known [23] . We assume that the collected energy E i H , i = 0, 1, 2, · · · , k, is known at the relay before the start of data transmission (deterministic EH process) [24] . At the end of each time slot, the harvested energy during the whole slot is transferred into the capacity-limited battery which directly powers the relay [24] . Since the EH process can be predicted, for example, solar energy, this simplification is valid [23] , [24] .
The time-varying Rayleigh fading channel with the perfect CSI is considered [24] . In addition, we assume that the channel gains between any two nodes of the network in the time slot k are known to each other. The information fusion is completed by a central control unit with a broadcast function. The description of the involved channel gains in the time slot k of the network is shown in Table 1 . 
III. PROBLEM FORMULATION A. SPECTRUM SENSING UNCERTAINTIES
Due to the inevitable existing imprecision of spectrum sensing in communications, we take the spectrum sensing uncertainties into account when we formulate our capacity maximization problem, since these uncertainties will produce harmful influence on the primary network. From mathematical perspectives, the spectrum sensing uncertainties are usually described by two conditional probabilities: mis-detection probability and false alarm probability. We define O k n (V k n ) as the status that the subcarrier n is actually occupied (unoccupied) by PU in the time slot k, andÔ k n (V k n ) denotes that the sensing result for the subcarrier n is busy (vacant) in the time slot k, respectively. Under this definition, the misdetection probability and the false alarm probability on the subcarrier n in the time slot k can be presented by p nk
where Pr {·} represents the probability operater [25] ,
n O k n denotes the detection probability on the subcarrier n in the time slot k. Let p k n = Pr O k n be the probability of the presence for PU on the subcarrier n in the time slot k.
According to the Bayesian formula [25] , we have
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where α k l denotes the probability that sensing result for the subcarrier l is occupied by PU, which is the practical status of the used spectrum in the time slot k. β k m is the probability that the actually considered available subcarrier m has PU working on it in the time slot k.
B. CAPACITY AND INTERFERENCE FORMULATIONS 1) PERFECT CASE
In terms of DF protocol, R k m = min R mk ST −R , R mk R−SR is the capacity of SU on the subcarrier m in the time slot k [26] . R mk ST −R and R mk R−SR denote the capacities of SU in two hops in the secondary network, respectively. According to DF protocol and the Shannon theorem [26] , the specific mathematical expressions of the normalized capacities on the subcarrier m from ST to R and from R to SR in the time slot k are given as
where P mk ST and P mk R denote the transmit power of ST and relay on the subcarrier m in the time slot k, respectively. R and SR on the subcarrier m from PT in the time slot k, respectively. P lk PT denotes the transmit power of PT on the subcarrier l in the time slot k. σ 2 is the noise power of independent and identically distributed (i.i.d.) additive white Gaussian noise (AWGN), and it is same for different nodes in each time slot [21] .
According to the characteristic of CRNs, SU can access the licensed spectrum of PU on the premise that the interference power at PR below a predefined IT threshold both in the first hop and the second hop [5] . Thus, the interference to PU in the time slot k can be given as
where I k ST −PR and I k R−PR are the interference to PU from ST and R in the time slot k, respectively. I th denotes the IT threshold defined by PU.
2) IMPERFECT CASE
On the basis of subsection A in Section III, we know that the spectrum sensing errors (SEs) are unavoidable, so that the consideration of the imperfect spectrum sensing in the problem formulation to reduce undesirable effects on the communication for both PU and SU is necessary. When we consider the spectrum sensing uncertainties, the effective normalized capacities in two hops of the secondary network on the subcarrier m in the time slot k can be expressed bỹ
, and the interference from PU to the secondary system with the imperfect spectrum sensing can be given as
As result, the efficient capacity of SU with the imperfect spectrum sensing over the m th subcarrier in the time slot
Then, with the imperfect spectrum sensing, the interference to PU from the secondary system in two hops in the time slot k is as follows
where the first items of (15) and (16) denote the sideband interference to PU from SU and the relay on the other subcarriers not used by PU, the second items of (15) and (16) represent co-channel interference to PU on the same subcarriers owing to the existence of the imperfect spectrum sensing.
C. EH PROCESS WITH CAPACITY-LIMITED BATTERY
In order to reasonably use and save energy, in static channels, an offline EH scheme under the deterministic setting is introduced into our cognitive relay networks [23] . The relay is powered by an EH device with a capacity-limited battery. Due to the limited capacity of battery and the causality of energy arrival, the transmit power of the relay can not exceed the currently available energy of the battery, thus we have
where E i H denotes the collected energy from the surroundings in the time slot i and E 0 is the initial energy storage of the battery. And the residual energy at the end of the current time slot can not flow over the maximum capacity of the battery, i.e.,
where B max represents the capacity threshold of the battery.
IV. PROBLEM SOLUTION
Now, we can define the total capacity T R k m for our networks. Then, in order to obtain higher capacity for SU, we adopt an offline EH scheme to provide available energy for the relay with the imperfect spectrum sensing. We will study the optimal problems with and without spectrum sensing uncertainties respectively and provide solutions for them.
A. PERFECT CASE
Under the perfect spectrum sensing, we solve an optimization problem aiming at the maximization of the total capacity of SU as follows
where P= P mk ST , P mk R , and the constraint (1a) shows that the transmit power of ST should be limited by the transmit power threshold due to the constraint on the hardware of ST. The constraint (1b) is the causality requirement on E i H to ensure that the energy consumption can not be greater than the sum of both the initial energy stored in the battery and the all accumulated energy collected before. The constraint (1c) denotes that the current remaining energy storage in the battery can not exceed the capacity threshold of the battery because of its physical limitation. The constraints (1d) and (1e) denote the interferences from the secondary system to PU in two hops respectively.
B. IMPERFECT CASE
On the basis of the perfect case, we introduce the imperfect spectrum sensing into P1. Then, the optimization problem under the imperfect spectrum sensing is as follows
and the meanings of the constraints (2a)∼(2e) are the same as those of P1. The differences between P1 and P2 are of the objective and interference constraints (2d) and (2e). Moreover, we can find that P2 can be converted into P1 when α k l = 1, β k q = 0 and β k m = 0.
C. TRANSFORMATION FOR OPTIMIZATION PROBLEM
In terms of the cognitive DF relay network, the maximum capacity of SU with the imperfect spectrum sensing on the subcarrier m in the time slot k can be achieved when the signal to interference plus noise (SINR) at the relay equals to the SINR at SR. The mathematical expression can be given as 
and P2 can be written as
P3 is a convex problem which satisfies Karush-KuhnTucher (KKT) conditions [22] . Then, we can adopt Lagrange multiplier method [22] to solve P3. The Lagrange function of P3 is
where x k ≥ 0, y k ≥ 0, z k ≥ 0, ω k ≥ 0 and µ k ≥ 0 are the Lagrange multipliers. We solve (24) by using the dual decomposition
and the dual function of (24) is
where
The optimal solution of (26) can be obtained by solving ), as shown at the bottom of the next page, where t is the iteration number, ε k 1 , ε k 2 , ε k 3 , ε k 4 and ε k 5 are the small positive step sizes. The PA of ST can be updated to a stable point with the increasing iteration number. Correspondingly, the optimal capacity of SU in the cognitive EH relay network with the spectrum sensing uncertainties can be calculated.
V. SIMULATIONS AND ANALYSIS
In this section, we first give the convergence results of the capacity of SU, the PA of SU and the relay and the interference power at PR for two algorithms (i.e., the proposed algorithms with SE and without SE) in single time slot to VOLUME 6, 2018 demonstrate the effectiveness, validity and availability of our propose algorithm. Then, we provide simulations of correlation performance over multiple time slots to show the dynamic optimization process of the proposed algorithm with the increasing number of time slots. Furthermore, we also illustrate that the harvested energy affects the performance of the secondary system. In this network, we assume that both communication channels and interference channels are independent and follow the Rayleigh fading [24] . The probabilities of the mis-detection and the presence of PU on the n th subcarrier in the time slot k, p nk md and p k n , are randomly selected from the intervals [0, 0.05] and [0, 1] respectively, and the probability of the false alarm on the n th subcarrier in the time slot k (p nk fa ) is assumed to be 0.05. The other relevant simulation parameters are shown in Table 2 .
A. CONVERGENCE PERFORMANCE IN SINGLE TIME SLOT
In single time slot, the convergence for the capacity and the PA of the secondary system under the algorithms with and without SE are shown in Fig. 3 . The top figure of Fig. 3(a) shows the comparison of the capacity of SU under the proposed algorithms with and without SE. Simultaneously, the convergence for the PA of SU and the relay under the two algorithms are depicted in the bottom figure of Fig. 3(a) . Combining with these two figures in Fig. 3(a) , we can find that SU obtains little more capacity through increasing the transmit power of the secondary nodes without considering SE than that of the proposed algorithm with SE. In addition, the convergence of both the interference power at PR from ST and the relay is given in Fig. 3(b) respectively. The convergence values of the interference power at PR in two hops under the algorithm without SE exceed the IT threshold due to larger transmit power allocation. In contrast, the interference power of the proposed algorithm with SE in two hops are always below the IT threshold. Combing Fig. 3(a) and Fig. 3(b) , we know that the proposed algorithm with SE can protect the communication of PU at the expense of low capacity loss.
B. PERFORMANCE OF SU AGAINST IT THRESHOLD IN SINGLE TIME SLOT
In Fig. 4 , the capacity of SU and the interference power at PR for E i H (i = 1) versus I th under the algorithm with the imperfect spectrum sensing are demonstrated. In Fig. 4(a) , with the increasing I th , the capacity of SU for the proposed algorithm in single time slot increases first then converges to a stable point when I th ≥ 1.0 × 10 −2 W. Observing Fig. 4(a) , we can find that more capacity of SU can be achieved by larger harvested energy. And the different turning points of convergence with the increasing harvested energy also declare that the larger the allocatable power of the secondary user requires, the higher IT threshold is set to meet the IT constraint. versus I th in two hops respectively. We first find that all the interference powers at PR with different EH conditions in two hops present a similar tendency that they start to rise quickly in almost same slop and then stay stable because of the maximum transmit power constraints or the energy constraints at the relay. Then, we also find that the interference power in different conditions (i.e., different E i H ) always satisfy the IT constraints. With the increasing E i H , for the same I th , the interference power at PR increases because more collected energy can allow greater transmit power for SU and the relay within the limit of interference tolerance. Therefore, Fig. 3 and Fig. 4 together show the validity of our proposed algorithm.
We present the influence of P max and E i H on the capacity of SU in the consideration of SE in Fig. 5. From Fig. 5 , the results show that both P max and E i H are the upper limits on the PA of the secondary users (i.e., ST and the relay). In other words, for the given permissive IT constraint and an reasonable energy stored in the battery, the feasible region of the optimal solution P mk ST * depends on the most tight constraint between the transmit power constraint of ST and the causality of the harvested energy at the relay according to 
C. PERFORMANCE OF SU OVER MULTIPLE TIME SLOTS
Since energy collection is a dynamic and causal process, the performance of the algorithm with SE can be verified by the simulations over multiple time slots. The channels of the cognitive relay network are the time-varying Rayleigh fading channels [23] . In the top figure of Fig. 6 , we illustrate that the optimal capacity of SU with SE for different E i H in each time slot. In addition, in the bottom figure of Fig. 6 , we can see that the interference to PU from ST and the relay for 
different E i
H in each time slot always satisfy the IT constraint. Combining two figures in Fig. 6 for analysis, we know that the proposed algorithm with SE can dynamically adjust the transmit power for SU and the relay to improve the performance of SU according to the effective CSI (involving some spectrum sensing probabilities) and available energy in the battery at the time.
Since the objective of P3 is the total capacity of SU in multiple time slots, we provide the total capacity of SU over multiple time slots for different E i H versus the number of time slots as shown in Fig. 7 . We find that with the increasing number of time slots, the accumulated capacities of SU for different E i H increase. And the more harvested energy in each time slot we have, the bigger total capacity of SU we obtain.
In order to further verify the effectiveness of our proposed algorithm with SE, Fig. 8 depicts the total capacity of SU for P max versus I th over multiple time slots. We can see that the total capacity of SU for different P max first increases rapidly then maintains constant. For a given I th , the total capacity of SU increases with the increasing P max . The bigger P max for SU we set, the more relaxed interference constraint we require, which means that the optimal PA is the upper bound of the feasible domain for the transmit power that is jointly tightened by the maximum transmit power constraint and the IT constraint. Due to the consideration of the spectrum sensing uncertainties, we give Fig. 9 to indicate the impact of the conditional probabilities α k l and β k m on the total capacity of SU over multiple time slots. From Fig. 9 , we can see that the total capacity of SU decreases with the increase of β k m from 0.01 to 0.9. And for a given β k m , the total capacity of SU reduces with the increase of α k l , which means that more sideband interference to PU needs lower power transmitted by SU and the relay to well protect the communication of PU according to (15) and (16) . As a result, we obtain that the proposed algorithm with SE can well guarantee the performance of SU since the spectrum sensing uncertainties are considered.
VI. CONCLUSIONS
In this paper, we propose a PA algorithm that maximizes the total capacity of a sensing-based cognitive relay network where the DF relay with EH is powered by a capacitylimited battery. For both the perfect and the imperfect sensing cases, we formulate the total capacity maximization problems under the constraints of the maximum transmit power, the IT, the finiteness for the battery capacity and the causality of energy arrival. Due to the existence of EH at the relay, the system can save and use the renewable energy to improve the performance of SU. Compared with the algorithm without SE, this PA algorithm is more practical for actual CRNs with the unavoidable SE. In the light of the given simulations and analysis, we can find that the proposed PA algorithm has more superiorities: better convergence, validity and reliability since it can efficiently improve the capacity performance of SU under the protection for PU when the channel gains vary over time slot. The simulation results for the capacity of SU and the interference to PU for different E i H and P max versus I th in both single and multiple time slots illustrate that the proposed algorithm can dynamically adjust the PA for SU and the relay to increase the capacity of SU and to guarantee the IT constraint based on the current effective CSI with SE and available energy in the battery. The performance for the total capacity of SU for different α k l versus β k m over multiple time slots tell us that larger spectrum sensing uncertainties lead to more drastic communication collision between SU and PU, which further reduce the capacity of SU. Hence, it is necessary for PA in CRNs to take the spectrum sensing uncertainties into consideration since these uncertainties not only deteriorate the performance of secondary system, but also produce the harmful interference to PU. VOLUME 6, 2018 
